Anopheles stephensi and A. gambiae, the two most important vectors in malaria parasite transmission, respond to Plasmodium infection with inducible expression of nitric oxide synthase (NOS) (13, 30) . Significant induction of NOS in A. stephensi midguts can be detected as early as 6 h after infection with Plasmodium berghei, a rodent parasite (29) . Within 24 to 36 h after ingestion of Plasmodium-infected blood, parasites develop into ookinetes and penetrate the midgut epithelium to form oocysts beneath the basal lamina. Early induction of NOS is critical to limiting parasite development in A. stephensi, as provision of the pan-NOS inhibitor N--nitro-L-arginine results in increased parasite numbers in the midgut compared to controls, while provision of the NOS substrate L-arginine reduces the parasite burden (30) .
The NO-mediated defense of A. stephensi is analogous to mammalian NO-mediated inactivation of malaria parasites (2, 40) . In mammalian cells, two Plasmodium-associated molecular pattern structures, glycosylphosphatidylinositol (GPI) and hemozoin (Hz), are known to upregulate NOS and modulate immune responses (for a review, see reference 39). Plasmodium falciparum GPI (PfGPI)-induced signaling is mediated through Toll-like receptor 2 (TLR2) and TLR4 and involves myeloid differentiation factor 88-dependent activation of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase, p38 mitogen-activated protein kinase (MAPK), protein kinase C (PKC), and nuclear factor kappa B (NF-B) signaling pathways (24, 46, 48) . We have previously shown that purified PfGPIs can also induce NOS expression in A. stephensi cells in vitro and in the midgut epithelium in vivo (28) . In A. stephensi cells, signaling by PfGPIs is mediated through Akt/protein kinase B (Akt/PKB) and involves the MAPK kinase DSOR1 (downstream of raf1) and ERK. These evident similarities in GPI signaling between mammalian and mosquito cells indicate that PfGPIs are common inflammatory mediators in both the mammalian host and the invertebrate vector.
Malaria parasite Hz is a dark brown pigment produced during hemoglobin (Hb) digestion inside host red blood cells (RBCs) (16) . Hz is structurally similar to ␤-hematin, which is composed of cyclic heme dimers, i.e., (Fe III -protoporphyrin IX) 2 . Heme dimers interact through hydrogen bonds and form Hz crystals. As RBCs burst, Hz is released and subsequently engulfed by monocytes, neutrophils, and macrophages (3) . Several studies showed that P. falciparum-derived Hz (PfHz) and synthetic Hz (sHz), which can be produced chemically and is spectroscopically and crystallographically identical to the native pigment (35) , induce secretion of proinflammatory mediators, including tumor necrosis factor alpha, interleukin-1 beta (38) , and the pyrogens macrophage inflammatory proteins 1␣ and 1␤ (43) in monocytes and macrophages. Both PfHz and sHz increase gamma interferon-mediated NO generation through ERK-and NF-B-dependent signaling pathways in macrophages (19, 20) . Recently, Hz was shown to be a novel non-DNA ligand for TLR9 (9) .
Our previous studies suggested that P. falciparum components other than GPIs could induce A. stephensi NOS (AsNOS) expression (28) . Specifically, 15.6 merozoites/cell (equivalent to 0.25 M PfGPIs) induced AsNOS expression 3-fold, whereas 0.25 M PfGPIs induced AsNOS expression only 1.7-fold relative to controls. Based on these findings and studies with mammalian cells, we hypothesized that Hz could induce NOS expression and immune activation in mosquitoes as well. This hypothesis is supported by the biology of mosquito feeding. Soon after a mosquito takes an infected blood meal, Hz is released from parasitized RBCs and leukocytes as digestion begins in the midgut. The peritrophic matrix (PM), which forms a barrier between the ingested blood and the midgut epithelium, is fully formed by 48 h after a blood meal (pBM) in A. gambiae (11) . Hence, the midgut epithelium is possibly exposed to Hz before the completion of PM formation. In this study, we showed that PfHz can induce AsNOS expression in vitro and in vivo in the mosquito midgut epithelium. Malaria parasite Hz also activates protein kinases associated with multiple pathways in vitro. Further elucidation of the roles of Plasmodium-associated factors in innate immunity and identification of the downstream signaling pathways will advance our understanding of the antiparasite defense in general and help us discover novel targets for genetic enhancement of parasite resistance in mosquitoes.
MATERIALS AND METHODS
Preparation of PfHz. P. falciparum was cultured at a low hematocrit (ϳ40% parasitemia). After schizont burst, the culture was centrifuged at 210 ϫ g at room temperature for 10 min. The supernatant containing merozoites, digestive vacuoles, and some membrane fragments was centrifuged at 2,990 ϫ g for 10 min. The pellet was suspended in phosphate-buffered saline (PBS) and overlaid on sequential cushions of 30, 45, 60, and 90% Percoll. The 45% Percoll layer contained mainly digestive vacuoles and was collected and washed two times with endotoxin-free PBS (Life Technologies). The partially purified digestive vacuoles were extracted with chloroform-methanol (2:1, vol/vol) to remove phospholipids and neutral lipids. The pellet was extracted with chloroform-methanol-water (10:10:3, vol/vol/vol) to remove GPIs. The remaining pellet was sonicated and washed seven or eight times in 2% sodium dodecyl sulfate (SDS). The washed pellet was incubated with 2 mg/ml proteinase K at 37°C overnight and then washed three times in 2% SDS and incubated in 6 M urea for 3 h at room temperature on a shaker. After three to five washes in 2% SDS, the Hz pellet was washed with distilled water, treated with 100 U/ml DNase for 1 h, washed three times with 2% SDS, and then washed in distilled water. Finally, the Hz pellet was washed with endotoxin-free water and suspended in endotoxin-free PBS.
Synthesis of ␤-hematin (sHz). sHz was prepared from hemin chloride using a protocol adapted from that described by Egan et al. (14) . Briefly, 45 mg of hemin chloride (Ն98% pure; Fluka) was solubilized in 4.5 ml of 1 N NaOH and neutralized with 1 N HCl. After neutralization, 10.2 ml of 1 M CH 3 COONa (pH 4.8) was added, and the suspension was stirred with a magnet for 2 to 3 h at 60°C. Following addition of 0.01 volume of 10% SDS and centrifugation at 14,000 ϫ g for 15 min, the pellet was sonicated in 100 mM NaHCO 3 (pH 9.0)-0.5% SDS and centrifuged again. The pellet was washed three or four times in 2% SDS and then in water to remove the SDS. The pigment was dried at 37°C overnight, resuspended in endotoxin-free PBS at a final concentration of 2.5 mg/ml, and kept at Ϫ20°C until further use. The absence of endotoxin contamination was confirmed by performing the Limulus amebocyte lysate test with an E-toxate kit (SigmaAldrich).
Stimulation of A. stephensi and A. gambiae cells. The immortalized, embryoderived A. stephensi cell line ASE (25) (10, 30) . The sequences of primers used for amplification were as follows: AsNOS forward, 5ЈGACCAAACCGGTCATCCTGAT3Ј; AsNOS reverse, 5ЈGGAATCTTGCAGTCAACCATTTC3Ј; AgNOS forward, 5ЈCCTGATCGGTCCCGGTACT3Ј; AgNOS reverse, 5ЈAATTGGCAACATTC CACATACCTT3Ј; S7 forward, 5ЈGAAGGCCTTCCAGAAGGTACAGA3Ј; and S7 reverse, 5ЈCATCGGTTTGGGCAGAATG3Ј. The probe sequences were as follows: NOS, 6-carboxyfluorescein-CACCGTTCCGTTCGTTCTGGCA-6-c arboxytetramethylrhodamine; and S7, VIC-AGAAGTTCTCCGGCAAGCACG TCGT-6-carboxytetramethylrhodamine. Duplicate reaction mixtures using 100 ng template RNA were analyzed simultaneously with no template controls. All reactions were performed as one-step RT-PCR (TaqMan Gold RT-PCR; Applied Biosystems) as follows: 30 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C.
Mosquito rearing and provision of PfHz by an artificial blood meal. A. stephensi Liston was reared at 27°C and 80% relative humidity. Five-day-old mosquitoes were fed an artificial blood meal of heat-inactivated human serum and washed human RBCs (Continental Services Group) supplemented with 1.25 to 50 g/ml of PfHz or hemin chloride (Ն98% pure; Fluka) in PBS or supplemented with an equivalent volume of PBS as a control, using a Hemotek membrane feeding apparatus (Discovery Workshops, Accrington, United Kingdom). Mosquitoes were allowed to feed for 30 min. Midguts of blood-fed mosquitoes were dissected at various time points pBM, and 15 to 20 midguts from each group were pooled in Trizol (Invitrogen) at 4°C. Total RNA was isolated and used for AsNOS expression analysis by qRT-PCR as described above.
Western blot analyses. Following stimulation, equal numbers of cells were collected in lysis buffer containing 10 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na 4 P 2 O 7 , 2 mM Na 3 VO 4 , 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 60 g/ml aprotinin, 10 g/ml leupeptin, 1 g/ml pepstatin, and 1 g/ml calyculin A. For analysis of atypical PKC (aPKC) activation, cellular proteins were fractionated using a ProteoExtract subcellular proteome extraction kit (Calbiochem). Lysate proteins from equivalent numbers of treated cells were electrophoretically separated using SDS-polyacrylamide gel electrophoresis (Bio-Rad); equal loading of proteins was also confirmed by Coomassie blue staining. Separated proteins were transferred to nitrocellulose membranes using a semidry blotter (Bio-Rad). Membranes were blocked overnight at 4°C with Tris-buffered saline (pH 7.4) containing 0.1% Tween 20 and 5% dried skim milk and incubated with a 1:1,000 dilution of polyclonal rabbit anti-phosphotransforming growth factor ␤-associated kinase 1 (anti-phospho-TAK1) (pT184; Cell Signaling Technology), anti-phospho-Akt/PKB (pT308; Biosource International), anti-phospho-aPKC zeta/lambda (anti-phospho-aPKC/) (pT410/403; Cell Signaling Technology), or anti-phospho-p38 MAPK (pT180pY182; Cayman Chemical) antiserum or a 1:10,000 dilution of monoclonal mouse anti-phospho-ERK1/2 (pT185/pY187; Sigma) antiserum for 6 h at room temperature. Membranes were washed and incubated with horseradish peroxide-conjugated antirabbit (1:10,000; Biosource) or anti-mouse (1:25,000; Sigma) immunoglobulin G overnight at 4°C. Peroxidase activity was detected with a SuperSignal West Pico chemiluminescent detection kit (Pierce).
RESULTS

Hz induces NOS expression in Anopheles cells.
To determine whether Hz could act as a signal to mosquito cells, ASE cells were treated with endotoxin-free Hz purified from P. falciparum. Preliminary time course analyses showed that maximal induction of NOS occurred at 24 h after stimulation with PfHz in mosquito cells (data not shown). Therefore, levels of NOS expression induction were analyzed 24 h after Hz stimulation, the treatment time used for similar experiments with mammalian cells (19, 23) . The Hz concentrations used were also comparable to concentrations of PfHz (0.1 to 75 g/ml) used for murine and human macrophage and monocyte stimulation assays in vitro (19, 23 1A) .
To determine whether sHz prepared from high-purity hemin chloride could induce NOS in a manner similar to that observed with PfHz and to determine whether PfHz induction of NOS was species specific, cell lines derived from A. gambiae were treated with sHz (4a3B cells) (Fig. 1B) or PfHz (Sua5.1 cells) Fig. 1B ) at concentrations that were identical to those used to treat ASE cells (Fig. 1A) . At 24 h after treatment, all sHz concentrations used to stimulate 4a3B cells significantly induced A. gambiae NOS (AgNOS) from 1.5-to 3-fold relative to PBS-treated controls (Fig. 1B) . These results were consistent with the levels of AsNOS expression induced by PfHz in ASE cells (Fig. 1A) . At 24 h after treatment, PfHz induced AgNOS gene expression significantly in Sua5.1 cells relative to PBS-treated controls, except at doses of 1.25 g/ml and 12.5 g/ml (Fig. 1B) . AgNOS expression in PfHz-treated Sua5.1 cells was induced 1.5-to 3.5-fold at 24 h (Fig. 1B) .
In all cell lines tested, treatment with 25 g/ml PfHz or sHz resulted in the highest significant mean NOS induction at 24 h poststimulation. At 48 h after treatment, the AgNOS induction levels in Sua5.1 cells were reduced relative to the levels detected at 24 h (Fig. 1B) . However, an increase in AgNOS gene expression was still detectable and significant at all concentrations used (Fig. 1B) , which suggests that AgNOS gene expression is sustainable for at least 48 h. Overall, these data show that both A. stephensi and A. gambiae cell lines respond to Hz and that the AgNOS induction by sHz is comparable to that by PfHz.
PfHz induces AsNOS expression in the A. stephensi midgut epithelium. To determine whether PfHz could function in vivo to induce AsNOS and to determine whether induction was time dependent, 50 g/ml PfHz was provided in artificial blood meals to three separate cohorts of A. stephensi. In replicated assays, PfHz significantly induced midgut AsNOS expression twofold at 24 h pBM relative to controls ( Fig. 2A) , indicating that PfHz can act as a signal to induce AsNOS in vivo. The pattern of AsNOS gene expression in the midgut epithelium ( Fig. 2A) was similar to the temporal pattern observed in Sua5.1 cells in vitro (data not shown). Specifically, AsNOS induction by PfHz in the midgut epithelium was maximal at 24 h pBM and reduced at 48 h ( Fig. 2A) .
Based on these data, we chose the 24-h time point to analyze the in vivo effects of PfHz ( stephensi at 24 h after blood feeding with PfHz or hemin chloride at concentrations of 1.25 to 50 g/ml or with an equivalent volume of PBS as a control (n ϭ 3). Data were analyzed as described in the legend to Fig. 1 using the Student t test and are mean levels of relative AsNOS induction (NOS expression in PfHz-or hemin-fed groups divided by NOS expression in PBS-fed controls); the error bars indicate standard errors of the means. P values are represented as follows: two asterisks, P Յ 0.01; one asterisk, P Յ 0.05.
2.5 g/ml and up to sevenfold at 25 and 50 g/ml (Fig. 2B) relative to PBS-fed controls. As found in vitro (Fig. 1A and B) , PfHz did not induce AsNOS at the lowest dose (1.25 g/ml) (Fig. 2B) . In contrast, hemin chloride induced AsNOS expression approximately fourfold at 1.25 and 50 g/ml compared to controls (Fig. 2B ). Higher AsNOS induction levels were observed in response to PfHz than in response to hemin (Fig.  2B) , and PfHz induced higher levels of AsNOS in vivo (Fig.  2B ) than in vitro (Fig. 1A) . These data confirmed that PfHz can function as a signal to mosquito cells and that induction of NOS gene expression in the A. stephensi midgut by PfHz is not merely due to activity of its heme subunit or free heme.
Hz activates TAK1 in A. gambiae cells. Based on our data that confirmed that parasite Hz could function as a signal to mosquito cells, we investigated the activation of mosquito proteins that are orthologous to signaling proteins implicated in pathogen-associated molecular pattern-induced signaling cascades in mammalian cells (for a review, see reference 22). The selected mosquito proteins included TAK1, Akt/PKB, ERK, p38 MAPK, and aPKC/.
For these assays, 4a3B cells were treated with PfHz (Fig. 3A ) or sHz (Fig. 3B) at concentrations identical to those that induced AgNOS expression (Fig. 1B) or with an equivalent volume of PBS as a control. At 10 min after treatment, cells were lysed and subjected to Western blot analysis for detection of TAK1 protein phosphorylation. In replicated assays, both PfHz and sHz induced TAK1 (ϳ75 kDa) phosphorylation in 4a3B cells at concentrations of 2.5 to 50 g/ml (Fig. 3A and B) . After prolonged film exposure, cross-reacting bands were also detectable at a 1.25-g/ml Hz dose (Fig. 3, insets) . These results indicate that Hz activated TAK1, a protein that functions as a MAPK kinase and an inhibitor of NF-B kinaseactivating kinase in the immunodeficiency (imd) signaling pathway (45) .
Hz activates Akt/PKB and ERK but not p38 MAPK in A. gambiae cells. Previous studies in our laboratory had shown that PfGPIs signal through the insulin signaling pathway to induce AsNOS expression and that activation of Akt/PKB and ERK, representatives of the two main branches of the insulin signaling pathway, is required for AsNOS expression (28) . Since Hz signals through ERK in mammalian cells (20) , we hypothesized that Hz activates Akt/PKB and ERK in mosquito cells.
For analysis of Akt/PKB activation, 4a3B cells were treated for 10 min with PfHz (Fig. 4A) , with sHz ( Fig. 4B) , or with an equivalent volume of PBS as a control. In replicated assays, both PfHz and sHz at 12.5 to 50 g/ml induced Akt/PKB (ϳ60 kDa) phosphorylation (Fig. 4A and B) . After prolonged film exposure, cross-reacting bands were also detectable at 1.25-and 2.5-g/ml Hz doses (Fig. 4, insets) . We observed that increasing amounts of sHz led to increasing levels of activated Akt/PKB (Fig. 4B) , whereas an incremental dose response was observed only at the lowest PfHz doses (1.25 and 2.5 g/ml) (Fig. 4A, inset) . Despite these differences, our data indicate that Hz, like PfGPIs, activates Akt/PKB protein in mosquito cells.
Although hemin chloride could induce AsNOS expression in the A. stephensi midgut, the effective doses were distinct from those of PfHz, and the AsNOS induction levels were lower than the levels induced by PfHz (Fig. 2B) . To further explore signaling by Hz and hemin, we examined activation of ERK and p38 MAPK, which are downstream of TAK1 (22) in 4a3B cells treated with sHz or hemin chloride. In replicated assays, we observed increased ERK phosphorylation in response to 1.25 to 50 g/ml sHz (Fig. 5A, top panel) relative to the PBS-treated control. In contrast, hemin chloride at 12.5 to 50 g/ml decreased phospho-ERK levels relative to the PBS- (Fig. 5B, top panel) . In contrast to ERK activation by sHz (Fig. 5A , top panel), treatment with 2.5 to 50 g/ml sHz (Fig. 5A, middle panel) or PfHz (data not shown) reduced p38 MAPK phosphorylation relative to PBS-treated control cells. However, no change in phospho-p38 MAPK levels were detected in 4a3B cells treated with hemin chloride (Fig. 5B , middle panel) compared to cells treated with PBS as a control. Thus, Hz increased phospho-ERK levels while decreasing activation of p38 MAPK, and hemin chloride reduced phospho-ERK levels without affecting the activation of phospho-p38 MAPK. These observations suggested that even though heme (provided as hemin chloride) and Hz can induce NOS expression, heme and Hz do not function as equivalent signals to mosquito cells. Hz activates aPKC/ in A. gambiae cells. aPKC/ is a key regulator of critical intracellular signaling pathways induced by various extracellular stimuli and lies in the nexus of MAPKand NF-B-dependent pathways (18) . As such, we examined whether Hz can lead to aPKC/ phosphorylation or translocation in A. gambiae cells. At 5 min poststimulation, sHz treatment resulted in increased phosphorylation of cytosolic aPKC/ (ϳ85 kDa) relative to PBS-treated control cells (Fig.  6) . However, no substantial differences in phospho-aPKC/ levels were observed in the membrane or nuclear fractions from sHz-treated cells compared with control cells. Taken together, our findings demonstrate that Hz activates TAK1-, ERK-, Akt/PKB-, and aPKC-dependent pathways but negatively regulates p38 MAPK in Anopheles cells.
DISCUSSION
The NO-mediated defense against Plasmodium spp. is a shared innate immune response among mammalian hosts and mosquito vectors for this parasite (2, 30, 40) . Previous studies in our laboratory showed that PfGPIs alone could induce mosquito NOS expression, but data from these studies also suggested that other parasite factors likely contribute to mosquito cell activation (28) . The data described here indicate that Plasmodium-derived Hz, which functions together with PfGPIs to activate mammalian cells, contributes to immune activation of mosquito cells as well.
A review of the physiology of blood digestion is required to understand the likely events of Hz signaling in the mosquito in vivo. Blood digestion in the mosquito midgut peaks at 24 h and is completed by approximately 48 h pBM. The PM, which forms a barrier between the ingested blood and the midgut epithelium, can be visualized by electron microscopy by 12 h pBM and is fully formed by 48 h pBM in A. gambiae (5, 11, 17) . However, a lack of PM formation around blood meals has also been reported when mosquitoes take a second blood meal after the PM has formed around the first meal (6), and ingestion of multiple blood meals in nature is a common reproductive strategy in Anopheles (7, 15, 26) . Taken together, these observations suggest that in the early hours of blood digestion, the midgut epithelium is likely exposed to Hz released as parasitized RBCs (e.g., RBCs with trophozoites) and leukocytes are gradually lysed in the midgut. Moreover, diuresis, a rapid process during which plasma is excreted to concentrate RBCs up to fivefold in the mosquito midgut (8) , could also concentrate Hz in an infected blood meal. Indeed, this process could explain the difference that we observed between the levels of AsNOS induction in ASE cells and the levels of AsNOS induction in the midgut epithelium. For example, at 24 h poststimulation, PfHz induced AsNOS expression up to 2.5-fold in ASE cells in vitro (Fig. 1A) and up to 7-fold in the A. stephensi midgut in vivo (Fig. 2B) . However, this variation could also be due to physiological differences between midgut and ASE cells, the presence of critical factors in vivo (e.g., cross talk between blood components such as insulin and Hz) that are absent in vitro, or a requirement for tissue communi- Sua5.1 cells were treated with 50 g/ml sHz or an equivalent volume of PBS as a control for 5 min. After stimulation, cells were lysed and proteins were separated into cytosolic, membrane, and nuclear fractions. Equal amounts of proteins from the cellular compartments were analyzed by Western blotting using anti-phospho-aPKC/ antisera. Equal loading of proteins was confirmed by Coomassie blue staining (bottom panel).
cation (e.g., communication between midgut and fat body [13] ) for maximal effects of Hz.
As RBCs are lysed and Hb is digested, heme is also released in the midgut. Up to 18 nmol of heme (equivalent to 2 l of blood containing 10 mM heme) was found to bind to the PM 48 h after feeding in Aedes aegypti (12, 37) . Although it is not known whether Hz binds to PM as heme does, our findings demonstrate that PfHz could function in vivo as a proinflammatory signal to mosquito midgut cells in a way that is fundamentally different from the way that heme that is released during blood digestion functions (Fig. 2B) .
Despite the general acceptance of the proinflammatory role of PfHz in mammals, some studies dispute its function as an activating signal for innate immunity. For example, Parroche et al. have recently reported that high-purity Hz (both synthetic and P. falciparum derived) is immunologically inert and that activation of TLR9 is due to contaminating parasite DNA in crude PfHz preparations since the activity of PfHz was abolished after nuclease treatment (36) . These findings contradict the results of Coban et al. which demonstrated that PfHz signals through TLR9 and the results of our experiments. We used high-purity hemin chloride (Ն98% pure as determined by high-performance liquid chromatography) comparable to that used by Parroche et al. in our sHz preparations. Our results demonstrate that both PfHz, which was treated with DNase during purification, and high-purity sHz can activate signaling molecules and NOS gene expression in Anopheles cells. Specifically, PfHz and sHz had nearly indistinguishable effects on mosquito cells in vitro (Fig. 1B) , and these effects could be distinguished from those of heme (hemin chloride) in vivo (Fig. 2B ). As such, our findings corroborate the consensus that Hz activity is attributable to the ␤-hematin crystal structure and not to the heme subunit or to contaminating DNA. It is possible that discrepancies observed in Hz-induced responses among various cells result from differences in intrinsic properties (e.g., redox levels) of these cells. For instance, Hz-induced responses in macrophages were detected only when these cells were costimulated with gamma interferon (20) , whereas mosquito cells appear to be naturally responsive to Hz.
Although we did not observe a linear correlation between the PfHz dose and NOS induction levels, both sHz and PfHz at a 25-g/ml dose resulted in the highest NOS expression in vitro and in vivo ( Fig. 1 and 2) . A study investigating PfHZ induction of NOS enzyme activity ex vivo in peripheral blood mononuclear cells estimated that children with mild and severe malaria would have 1.9 and 12.9 g PfHz per ml of circulating blood, respectively (23) . The malaria parasite is known to ingest 60 to 80% of its host erythrocyte Hb (16) . Based on conservative assumptions that about 50% of Hb heme is converted into PfHz (i.e., 47 fg per RBC), a 10% parasitemia (e.g., in a critical malaria infection) would result in approximately 23.5 g/ml PfHz in a person with an RBC count of 5 ϫ 10 6 cells per l. Thus, a 25-g/ml concentration of PfHz would correspond to approximately 10% parasitemia under natural conditions.
Overall, our studies suggest that both PfHz and PfGPIs are important parasite signals to mosquito cells and that their activities are complementary. Malaria parasites induce AsNOS expression at 6 h and 24 to 48 h after infection (29) , a pattern that was reproduced in the mosquito by provision of PfGPIs by an artificial blood meal (28) . In our experiments, PfHz induced AsNOS gene expression in the midgut only at 24 h pBM (Fig.  2B) , suggesting that PfGPIs and PfHz have independent but complementary roles in regulating early antiparasite immune responses in A. stephensi. Hence, at 24 h after an infected blood meal, AsNOS expression in the midgut is likely to reach its highest levels due to cumulative effects of these two parasite signals and to be sustainable up to 48 h. Most importantly, under natural conditions, variations in the amounts of PfGPIs and PfHz ingested by Anopheles depending on the parasitemia levels of the patients are likely to influence NO production and parasite development in the midgut and thus impact transmission accordingly.
The complementary roles of PfGPIs and PfHz are further highlighted by their effects on signaling proteins in mosquito cells. Signaling by PfGPIs is mediated through A. stephensi Akt/PKB, DSOR1, and ERK. By comparison, PfHz signals A. stephensi cells through activation of TAK1, Akt/PKB, ERK, and aPKC/. Currently, the roles of these signaling proteins in mosquito cells are poorly known. Recently, A. gambiae immune responses against Plasmodium parasites were shown to be mediated through an alternative splicing product of an NF-B-like gene (REL2), REL2-F (31). The imd pathway leads to activation of REL2-F, a Drosophila Relish ortholog, and activation of this signaling pathway in the midgut has been implicated in limiting Plasmodium infection in A. gambiae (31) . Drosophila TAK1 acts downstream of imd and functions as an inhibitor of NF-B kinase-activating kinase in the imd pathway (45) . Based on our finding that PfHz activates TAK1 (Fig. 3) , it is conceivable that PfHz may initiate the response leading to REL2-F activation.
In mammalian cells, TAK1, a MAPK kinase, can activate ERK and p38 MAPKs as well as Akt/PKB (27, 41, 44) . We found that Akt/PKB and ERK are readily phosphorylated upon Hz treatment of A. gambiae cells (Fig. 4 and 5A , top panel), whereas hemin chloride caused a decrease in phospho-ERK levels at higher doses (Fig. 5B, top panel) . A reduction in ERK phosphorylation was also noted in A. stephensi cells stimulated in vitro with P. falciparum merozoites (28) , suggesting that heme contamination of purified merozoites could have contributed to these effects. Despite this possibility, Lim et al. (28) also demonstrated that merozoite-derived PfGPIs signal through activation of Akt/PKB and ERK in A. stephensi midgut epithelium in vivo. Hence, Akt/PKB-and ERK-dependent pathways appear to be central to the activation of immune responses by both PfGPIs and PfHz.
In contrast to activation of TAK1, Akt/PKB, and ERK, Hz decreased phospho-p38 MAPK levels in A. gambiae cells (Fig.  5A, middle panel) . We suggest that these results highlight some interesting differences between mosquito and mammalian cells and between PfHz and PfGPIs. Phosphorylation of mammalian p38 MAPK has not been reported for PfHz. However, treatment with PfGPIs induced p38 MAPK phosphorylation in mouse macrophages (24) , although NO synthesis in these cells was only marginally affected by the inhibition of p38 MAPK (48) . Interestingly, inhibition of p38 resulted in upregulation of TLR9 gene expression in mouse dendritic cells (1) . Thus, it is conceivable that PfHz treatment could induce expression of similar pattern recognition molecules in mosquitoes through inhibition of p38 MAPK.
Our data indicate that aPKC/ is also involved in Hz signaling in Anopheles cells. aPKC/ provides a link between distinct signaling pathways and can act both upstream and downstream of NF-B (4, 33) . Although the mechanism of aPKC activation is still unclear, aPKC activity correlates with the phosphorylation of Thr410 and Thr403 in the kinase activation loop of zeta and lambda aPKCs, respectively. aPKCs are insensitive to phorbol esters, which are potent activators of classical and novel PKC isotypes (32) . Previously, Schwarzer et al. showed that membrane-associated, phorbol ester-bound PKCs (classical or novel) increased transiently in Hz-fed monocytes by 50% after 30 min and decreased irreversibly to 20% of control levels within 5 h after phagocytosis (42) . In this study, we found that within 5 min poststimulation, cytosolic phospho-aPKC/ levels increased in A. gambiae cells treated with sHz (Fig. 6 ). Our finding of aPKC/ phosphorylation without translocation to a membrane is in agreement with a recent study that showed that phosphoinositide-3-kinase activation can increase cytoplasmic phospho-aPKC/ in murine adipocytes without recruitment to the plasma membrane (21) . PKC-dependent pathways are also activated by PfGPIs in mouse macrophages (46) , and novel PKCε is translocated to the plasma membrane upon treatment with PfGPIs or parasite extracts (47) . Although the isotypes of PKC that are activated by PfGPIs and Hz are distinct, our data and the data of Lim et al. (28) suggest that PKC-dependent pathways are involved in both PfGPI and PfHz signaling in mosquito cells. The kinetics of aPKC/ activation, the ultimate fate of aPKC/ in mosquito cells, and whether these kinases are required for NOS expression remain to be determined.
Our work demonstrates that PfHz and PfGPIs can upregulate inflammatory signaling pathways in Anopheles. A key target of interest for these pathways is NOS, but based on observations in mammalian cells we suspect that NOS is one of a wide variety of inflammatory effectors that are regulated by these pathways. As such, the identification of downstream targets in mosquito cells may reveal a wealth of new antiparasite effectors. We have discovered several key signaling proteins involved in the mosquito response to malaria parasite infection that have not been previously identified, and the additional molecules and pathways may provide fruitful targets for genetically enhancing mosquito resistance to parasite development.
Comparisons of our findings with those in mammals have significant implications for understanding the evolution of the innate host response to malaria parasite infection; that is, shared responses to the same parasite factors can be interpreted as evolutionarily conserved, whereas responses that are unique to mosquitoes may indicate that the orthologous response was lost from mammalian cells or that it has been replaced by newly evolved, more efficient responses. Striking similarities in mosquito and mammalian innate immune responses against Plasmodium-associated molecular patterns such as PfGPIs and PfHz point to substantial evolutionary conservation in host and vector defense mechanisms against infection and suggest that the mosquito can be used as a model for comparative studies of innate immunity.
